Abstract. Detailed two dimensional numerical simulations of a nanosecond pulsed pin-to-pin discharge in a lean methane/air mixture were conducted under 10 atm and 600 K for plasma assisted combustion in internal combustion engines. It was clarified from this study that the produced radicals were locally higher in the vicinity of electrodes, and high density radicals are more widely distributed on the anode side rather than the cathode side which the streamer is propagating toward. The electron energy partition has been clarified during a single pulse. Total electron energy increases with fuel equivalent ratio under the same applied voltage. Pronounced enhancement of ignition delay has been shown by nanosecond pulsed discharge.
Introduction
Recently, nanosecond pulsed discharge has been paid special attentions for plasma assisted ignition or combustion as an innovative technology to bring breakthrough in the lean combustion [1] [2] [3] [4] [5] [6] [7] [8] . Previous researches show that the chain reactions of fuel oxidation is sufficiently initiated by plasma produced radicals even in lean mixture conditions, which leads to the well-controlled uniform combustion [2] [7, 8] . However, most of the previous researches are conducted at low temperature of ~ 300 K and low pressures up to atmospheric pressure [1, [3] [4] [5] [6] . For the practical application of the plasma assisted combustion in an internal combustion engine, it is essential to understand and characterize the reactive species production by nanosecond pulsed discharges at high temperature and high pressure conditions as in actual internal combustion engines [2] [9, 10] .
In this study, detailed two dimensional computational simulations of nanosecond pulsed pin-to-pin discharge in a lean methane/air mixture were conducted at 10 atm and 600 K for plasma assisted ignition in an internal combustion engine. The fundamental characteristics of the nanosecond pulsed discharge and the radical production processes in the typical operating condition of internal combustion engines are clarified with understanding the partition of electron energy for radical production. Lastly, the effect of plasma produced radicals on enhancement of ignition delay has been discussed.
Governing equations
Following continuity equations for electrons and ions with drift-diffusion approximation are solved coupled with Poisson's equation:
sgn , ⋅ .
The charge continuity equations shown in eq. (1) is solved by VSIAM3 method (volume/surface integrated average based multi-moment method) [11] [12], which is a type of the finite volume scheme of CIP method. The electron mean energy, transport properties and rate coefficients are given as a function of reduced electric field with local field approximation. They are obtained by solving Boltzmann's equation for electrons [13] . The transport properties of ions are taken from the reference [14] . The rate of photoionization in a gas volume is included in the source term in equation (1) . In this study, two-exponential Helmholtz model [15] [16] was employed for photoionization of oxygen. The photoionization processes in O 2 are caused by the radiation in the wave range 98 -102.5 nm. Because of the large absorption cross section of methane in this wave range, it would be also important to consider the photoionization of methane. However, since there are few photoionization coefficient of methane available [17] and it could not be included in the present model. The chemical kinetics of methane/air mixture studied in this work is based on that described in [18] except for the reactions associated with argon. Moreover, the oxygen atom decay processes through recombination with oxygen resulting in ozone formation, and also through recombination with ozone are incorporated. Oxygen atom decay due to reactions of hydrogen atom and CH 3 radical are also taken into account [19] [20]. Some of the reactions of OH production and decay are also considered [19] [20]. The time scale of three body reactions of neutral species is in a time scale from micro to milli-seconds and it is much larger than that of other reactions in discharge. In this study, only three body reaction of ozone with relatively high production rate is considered for nanosecond pulsed discharge simulation. Most of the chemical reactions considered in this study are summarized in the reference [10] . With addition to the reactions shown in [10] , the formation of complex positive ions such as O 4 + and N 4 + and the production and decay of O 2 -are also incorporated [21] . The gas heating process during positive streamer propagation in the pin-to-pin geometry has been conducted by considering the enthalpies of reactions and fast gas heating mechanism proposed by Popov [22] .
Results and discussion

Nanosecond pulsed discharge in air at 100 Torr and 300 K
In order to validate the simulation model, obtained numerical result was compared with the available photo of nanosecond pulsed discharge taken by ICCD camera in air at 100 Torr and 300 K [23] . Figure 1 shows the computational domain for the validation of the model. Axisymmetric r-z two dimensional simulations are conducted for the pin-to-pin discharge. The discharge is initiated between two spherical electrodes with the gap spacing of 10 mm. The diameter of the bare sphere electrode is Gaussian distribution in radial direction as shown in Fig.1 . The peak number density of initial seed charges are 1.0 x 10 5 1/cm 3 along the symmetric axis. Figure 3 shows simulated number density of N 2 (C 3  u ) by comparing with the time averaged ICCD image of the discharge [23] . The numerical result was reconstructed by integrating along the line in sight using Abel transform at each mesh points. The simulated result shown in Fig. 3 is an instant image at t = 21.7 ns and the gate time of the ICCD camera is not taken into account. The diffusive nature of the discharge filament is well represented by numerical simulation. The radius of the discharge filament is approximately 1 mm, which agrees with ICCD image. The number density of N 2 (C 3  u ) is higher in the vicinity of cathode due to the cathode sheath. Although the comparison remains qualitative in experimental visualization, the discharge structure of nanosecond pulse discharge in air is relatively well simulated.
3.2.
Nanosecond pulsed discharge in air/methane lean mixture at 10 atm and 600 K The numerical simulations of nanosecond pulsed discharge in air/methane lean mixture were conducted under the typical operating conditions of internal combustion engines to clarify the fundamental characteristics of the nanosecond pulsed discharge for plasma assisted ignition. In this simulation, the electrode gap is set to 1.2 mm with the same spherical electrodes shown in Fig. 1 Figure 5 (a) and (b) show distributions of electron, O 2 + , N 2 + , CH4 + and CH 3 + at t = 24.5 ns and 24.6 ns, respectively. The streamer appears in the middle of the discharge gap and propagates to cathode at t = 24.5 ns. The electron and ions are high in the vicinity of anode where E/N is over ~ 200 Td. When the streamer head reaches the cathode, the streamer is concentrated on the cathode and electron number density locally increases to ~ 10 18 1/cm 3 . Among other ions, oxygen ion is the dominant ion. Because nitrogen ions rapidly react with CH 4 for the production of CH 3 and H radicals, the nitrogen ion disappears behind the streamer head. number density of produced oxygen atom becomes higher near anode and cathode. The streamer is constricted toward the cathode. Oxygen atoms of over 10 17 1/cm 3 are produced near electrodes during positive streamer propagation (t = 24.6 ns). The produced radicals are locally higher near the electrodes and high concentrations of radicals are more widely distributed in the vicinity of anode. Figure 7 shows the distribution of simulated gas temperature at t = 24.6 ns. When the streamer head reaches the cathode, rapid gas heating occurs in the cathode sheath and locally heated up to over 800 K from 600 K. Heating is very small in other regions and gas temperature increases only by several K in the time scale of streamer propagation. Figure 8 (a) and (b) show the electron energy partition during single streamer propagation for fuelair equivalent ratio of 0.5 and 0.4, respectively. The peak applied voltage is 26 kV for both cases with the same voltage profile. It has been clarified from Fig. 8 (a) that 65 % out of total electron energy of 7.5 J is used for the vibrational and electronic excitation of nitrogen and oxygen molecules. 29.6 % of the energy is spent on dissociation of molecules. For the production of oxygen atoms, 4 % (0.35 J) of the total electron energy is consumed. The total electron energy decreases to 5.4 J for lower equivalent ratio of 0.4. This is mainly because fewer electrons are produced due to higher relative density of nitrogen for the same applied peak voltage, and the electron energy for the vibrational and electronic excitation decreases. However, the percentage of electron energy consumed for the production of oxygen atom increases from 4.0 % to 4.7 % with decreasing the equivalent ratio. Figure 9 (a) shows number densities of OH and O radicals normalized by their initial number density for combustion simulation and (b) shows the time evolutions of gas temperature with or without nanosecond pulsed discharge, respectively. In Fig. 9 , the initial state for the combustion simulation is set to t = 0 s. Initial gas temperature of 1200 K is given at t = 0 s, assuming external heat source such as spark plug. The reduced electric field is set to 0 Td at t = 0 s. As shown in Fig. 9 (a) , oxygen atom exponentially decreases with time, on the other hand, OH radical increases within several micro seconds and then decreases. The sudden increase of OH is due to the reaction of plasma produced oxygen atom with methane; O+CH 4 = OH + CH 3 . Then OH and O radicals are consumed for the oxidation reactions with increase in gas temperature from 1200 K to 1300 K in 10 micro seconds. When defining 1500 K as the ignition temperature, ignition occurs by taking 5.8 ms under the equivalent ratio of 0.5 without nanosecond pulsed discharge according to Fig. 9 (b) . With plasma assisted ignition, the ignition occurs at 0.66 ms and the ignition delay time is shortened by 88 %.
Conclusions
The discharge characteristics of a nanosecond pulsed pin-to-pin discharge in a lean methane/air mixture were clarified at 10 atm and 600K for plasma assisted ignition in an internal combustion engine by two-dimensional numerical simulations. The obtained results from this study can be summarized as follows.
(1) The concentrations of produced radicals are locally higher near the electrodes and high density radicals are more widely distributed in the vicinity of anode, rather than the cathode which streamer is propagating toward. (2) Gas is rapidly heated up to over 800 K from 600 K in the cathode sheath by single pulse. (3) 64 % of the total electron energy is spent for the vibrational and electronic excitation of molecules.
4.7 % of the energy is spent on the production of oxygen radicals for equivalent ration of 0.5 at 26 kV. (4) Total electron energy increases with fuel equivalent ratio under the same applied voltage. (5) Pronounced improvement of ignition delay has been shown by nanosecond pulsed discharge.
